Kidney biopsy remains the gold standard for uncovering the pathogenesis of acute and chronic kidney diseases. However, the ability to perform high resolution, quantitative, molecular and cellular interrogation of this precious tissue is still at a developing stage compared to other fields such as oncology. Here, we discuss recent advances in performing large-scale, three-dimensional (3D), multi-fluorescence imaging of kidney biopsies and quantitative analysis referred to as 3D tissue cytometry. This approach allows the accurate measurement of specific cell types and their spatial distribution in a thick section spanning the entire length of the biopsy. By uncovering specific disease signatures, including rare occurrences, and linking them to the biology in situ, this approach will enhance our understanding of disease pathogenesis. Furthermore, by providing accurate quantitation of cellular events, 3D cytometry may improve the accuracy of prognosticating the clinical course and response to therapy. Therefore, large-scale 3D imaging and cytometry of kidney biopsy is poised to become a bridge towards personalized medicine for patients with kidney disease.
Kidney disease can be broadly divided into acute and chronic kidney disease [1, 2] . The diagnosis of kidney damage relies primarily on the history and laboratory testing for filtration markers such as serum cre- atinine. However, a kidney biopsy is frequently performed when the etiology of kidney dysfunction is uncertain, when disease-modifying agents with serious side effects are to be considered, and less frequently for prognostication purposes [3, 4] . Nevertheless, a kidney biopsy is not without risks, such as bleeding and less commonly loss of the kidney, and the risks are significantly higher in sicker patients [5] [6] [7] . Consequently, such biopsies are considered by the patients (who undergo the procedure), nephrologists (who perform the procedure) and pathologists (who process and interpret the tissue) as precious and irreplaceable specimens that should provide a maximal amount of essential information.
The ideal kidney biopsy procedure will yield 2-3 cores that span the kidney cortex and contain a threshold number of glomeruli needed to minimize sampling bias. The cores are processed for light microscopy, direct immunofluorescence staining for immune complex deposits, and electron microscopy [8] . The pathology interpretation relies heavily on the experience of the pathologists, and the report frequently includes semi-quantitative assessment of the various stains, which are reported from fields within thin sections imaged in 2 dimensions. This standard approach has been the cornerstone of diagnosis and is still widely used. However, technological advances in cellular and molecular interrogations of tissues provide an impetus to consider the breadth of information that could be extracted by applying these techniques to a kidney biopsy. These timely advances coincide with a national interest in not only looking at disease subcategories [1] but also uncovering patient-specific factors that could be key in determining disease pathogenesis, prognosis and response to therapy [9] . Therefore, several factors will usher the interpretation of kidney biopsies into the era of precision medicine. These efforts have already started, driven by pathologists and renal investigators through adoption in large consortial trials such as NEPTUNE, whereby whole slide imaging and assisted quantitative interpretation using digital pathology software have been implemented [10, 11] . Despite the two-dimensional aspect of this approach, which still has limitations, this is considered a significant advancement that will have a profound impact. In this brief commentary, we will discuss advances in large-scale, multi-fluorescence, three-dimensional (3D) imaging of kidneys biopsies for quantitative and exploratory analysis using tissue cytometry software. This approach is another step forward that will advance the field of cellular and molecular interrogation of kidney biopsies and empower pathologists and nephrologists to better understand, diagnose and prognosticate kidney disease. First, let us define what is meant by large-scale multifluorescence imaging. This signifies that confocal imaging spans the entire length of the biopsy, which is typically 1-2 cm in length [12, 13] . The 3D aspect of this approach requires imaging a volume thick enough to capture whole structures, balanced by the need to allow homogenous penetration of stains, antibodies and imaging light across the entire thickness. A thickness of 50-100 μm typically satisfies these requirements [12] . To capture the image volume at a resolution high enough to distinguish and segment individual cells, imaging is typically performed at least with a 20× objective. Overlapping image volumes are then digitally stitched to produce a mesoscale 3D image volume [12] . The advantages of this approach can be summarized as follows [13] :
(a) Achieving accurate spatial characterization and relationship between structures. This can be easily demonstrated in examples where entire structures can be missed when looking at a single optical slice compared to an image volume spanning an entire thickness. The z dimension exposes the complex relationship between cells and structures beyond a view from a single plane.
(b) Improving data precision by capturing uneven distribution of cell surface markers across several optical planes.
(c) Performing accurate quantitation of cell distribution and density in situ using 3D tissue cytometry (discussed below).
(d) Because of the scale of imaging and its quantitative focus, this methodology will detect rare events and patient-specific changes, which are key features of a precision medicine approach.
Optical Sectioning Modalities Enabling Large-Scale 3D Imaging
There are 3 main imaging modalities that make it possible to implement this approach: confocal microscopy, multi-photon microscopy and selective plan illumination (or light sheet) microscopy [14] [15] [16] . Each modality has some advantage over the others, and we refer the reader DOI: 10.1159/000490006 to a more in-depth review by our group where this topic is discussed in more detail [12] . We commonly use confocal microscopy because of the ease and feasibility of performing spectral scanning and unmixing, thereby enabling the detection of up to 8 labels simultaneously. Indeed, using multiple labels for tubular and immune cells may uncover different sub-populations of cells or detect new associations between various cell types.
3D Tissue Cytometry: The Equivalent of Flow Cytometry in Intact Tissues with Perks!
The pinnacle of this approach must be defined by the ability to perform accurate quantitation of specific cell types in intact tissue, their spatial localization and distribution, and relationship to other structures. Flow cytometry analysis, despite its limitations when applied to tissues (as far as loss of spatial parameters and bias of dissociation), presents a user-friendly way to quantitate cells through scatter plot visualization scheme of cells based on staining intensity. Gating of specific clusters of cells allows the quantitation of subpopulations of interest. This philosophy of analysis guided our approach in designing a tool that enables analysis like flow cytometry, but in intact tissue with preserved spatial parameters that are captured by multi-fluorescence 3D imaging. Other important considerations were to incorporate the analysis a single platform, easily adaptable to current practices, allowing a seamless, bi-directional workflow of image processing, segmentation, analysis and direct interaction with the image volume.
Volumetric Tissue Exploration and Analysis: A Unique Tool for 3D Tissue Cytometry
We devised volumetric tissue exploration and analysis (VTEA) as a solution for 3D tissue cytometry (Fig. 1) . VTEA is a plug in to ImageJ, a commonly used tool for image visualization and analysis. In a single workspace, VTEA allows image visualization, processing, segmentation and analysis, through a bidirectional workflow that also facilitates back-and-forth interactivity between the image and the analysis. Each cell within a volume is identified using a 3D segmentation strategy that uses the nucleus as a fiduciary for the cell (Fig. 1A) . Registering spatial coordinates and various measurements of fluorescence label intensities within a defined area around each nucleus will determine various attributes associated with each cell and define a set of variables that make up a feature space. Plotting these cells in a scatter with 2 or 3 dimensions will allow the identification of cells of interest based on attributes such as fluorescence intensity. Gating of cells with a high expression of a specific marker will identify these cells on the image, along with the associated statistics, such as absolute number of cells counted and percentage of the total cells (Fig. 1B) . Density determination is an inherently derived statistic, since the volume of the images or any region of interest is also available. The gated cells are directly identified in the image with nuclear overlays throughout the thickness of the volume, which serves as a direct method of validating the gates, and links the cell population of interest to the biology in situ. Identification of regions of interest within the image will also highlight, in the scatter plot, all the cells present in that region, with the corresponding statistics. This approach will allow interaction between the image and scatter plot, thereby facilitating interactive exploration of the image volume.
Application of Large-Scale, 3D Cytometry with VTEA to Kidney Biopsies
The applicability of 3D cytometry can be better appreciated in a clinical context. Diabetic nephropathy is a leading cause of chronic and end-stage kidney disease [17] . The diagnosis of diabetic nephropathy is made on clinical grounds, and patients are rarely biopsied unless the diagnosis is uncertain. Even if a biopsy is obtained, the ability to predict a progressive decline in kidney function based on the pathological assessment of the biopsy is limited [18] . Therefore, there is a dire need to improve the ability to perform cellular and molecular interrogations that not only will help elucidate the pathogenesis of disease but also help prognosticate and guide the response to therapy.
We recently demonstrated the feasibility of largescale, 3D tissue cytometry in patients with diabetic nephropathy and showed the usefulness of such an approach when linked to longitudinal clinical data [13] . We showed how this approach can detect an increase in neutrophil infiltration in a patient who rapidly progressed to ESRD compared to a patient with a slower rate of progression. The patchy nature of such neutrophil infiltration may have been easily missed if looking in a thin section or in 3D [13] . Therefore, our robust approach allows the detection of less common events, which may be crucial in uncovering the pathogenesis of disease, or in delineating patient-specific factors that modify the course of disease or response to therapy. Those initial observations are currently being tested now in a larger cohort of patients with diabetes to link immune cell distribution and abundance to the clinical course. This example also underscores the importance of developing biobanks of kidney biopsies linked to a longitudinal clinical database.
By linking finite cellular and molecular variables to the clinical course using large-scale, 3D tissue cytometry, this model showcases a significant step forward in implementing a personalized medicine approach to patients with kidney disease. 
Conclusions and Future Directions
We present in this mini-review an overview on largescale 3D imaging and tissue cytometry and its application to interrogate human kidney biopsies. We foresee that the amount and type of data extracted will become increasingly complex. Already, the current feature space is generating over 70 attributes per cell. Applying an analysis to thousands of cells that account for this complexity (beyond examining 2 or 3 variables at a time, such as with scatter plots) is daunting. In addition, some association between variables may not be intuitive and will not be readily uncovered by a supervised type of analysis. Therefore, analyzing multi-parametric data generated by this approach will need to incorporate both unsupervised methodologies (machine learning), in addition to the supervised strategies that we described. Our vision and direction for large-scale 3D imaging and tissue cytometry is summarized in Figure 2 .
In conclusion, by uncovering specific and novel disease signatures, including rare occurrences, and linking them to the biology in situ, large-scale, 3D imaging and tissue cytometry will enhance our understanding of disease pathogenesis and likely improve the accuracy of prognosticating the clinical course and response to ther apy. This approach will become an important asset to establish a personalized medicine approach for patients with kidney disease. Application of large-scale 3D imaging and tissue cytometry analysis to human kidney biopsies. This workflow integrates our current approach and the future vision of how to apply this technology to interrogate kidney biopsies. We envision that big data will be generated, and that not only supervised analysis can be performed but also unsupervised analyses using machine learning tools. The power of tissue cytometry stems from the fact that all analyses are linked to the image volume, that is, to the biology in situ. VTEA, Volumetric tissue exploration and analysis.
